The effects of non-metallic inclusions on the as-deposited microstructure of fully bainitic weld metals were investigated in a series of gas-metal arc (GMA) welds produced with four different shielding gases to obtain welds with different oxygen contents. Single run GMA bead-in-groove welds were made using ER100S-G grade wire which contained minimal amounts of aluminum and titanium. It was found that the 'oxygen effect,' which is well known in ferritic welds as the maximization of acicular ferrite formation at intermediate oxygen levels of 200-300 ppm and is explained by the shift of CCT curves with oxygen content, took place in the present bainitic welds with the maximum acicular ferrite occurred near 150 ppm oxygen. For a weld containing 150 ppm oxygen, all inclusions were extensively covered with a thin layer of titanium oxide. As the oxygen content decreased to about 100 ppm, a thick sulfide shell surrounded the aluminum oxide core and resulted in a fully bainitic microstructure. On the other hand, for welds containing more than 250 ppm oxygen, less than 50% of inclusions were covered with a titanium-oxide layer, and the coverage rate was substantially lower than for welds of 150 ppm oxygen. This led to a mixed microstructure of acicular ferrite and bainite. Therefore, the oxygen effect in the present welds could be concluded to be not due to the shift of the CCT diagram but to the fact that the inclusion phases vary with oxygen content. A new model based on these facts is suggested.
Introduction
Since the solubility of oxygen in weld metal is extremely low, the oxygen absorbed in the weld pool will combine with deoxidizing elements to form oxides, part of which are entrapped and will remain as non-metallic inclusions in the weld metal. In the literature, the influences of weld metal oxygen content on both as-deposited microstructure and the toughness of weld metals have been well reported. [1] [2] [3] As the inclusions can promote microvoid coalescence, the impact toughness is normally seen to increase with decreasing oxygen content when testing is performed in the upper shelf region. In contrast, the ductile-brittle transition temperature of weld metals is more sensitive to weld microstructure. Accordingly, a microstructural change from predominantly acicular ferrite to bainite or ferrite side plates, arising from variations either in weld metal oxygen content or in inclusion characteristics, will result in a significant increase in the transition temperature. Therefore, the oxygen content of weld metal has been recognized as one of the important factors that control weld metal toughness.
Ito and Nakanishi 4) performed a study on the impact toughness of submerged arc (SA) weld metals and observed that, while decreasing oxygen content greatly improves impact properties, there is toughness deterioration in SiMn-(Mo) weld metals when the oxygen content falls below about 200 ppm. They ascribed this to an increase in the hardenability of the weld metal associating with the decrease of nucleation sites of γ→α transformations, which favor the formation of lath-like or bainitic structures. Terashima and Tsuboi 5) also found that, at oxygen levels both above and below 300 ppm, the toughness deteriorated in the SAW deposits made for the steel plates of tensile strength above 780 MPa. Ito and co-workers, 6) working this time with GMA weld metals, observed such an oxygen effect again in Si-Mn-Ti-B weld deposits, i.e., they found that 200-300 ppm oxygen was optimal for toughness accompanied with the formation of a fine acicular ferrite microstructure. At lower oxygen levels, upper bainitic structures were obtained, while grain boundary ferrite and ferrite side plates were predominantly formed at higher oxygen contents. In this work, the continuous cooling transformation (CCT) diagrams of welds with different oxygen contents were determined and were found to be shifted to higher temperatures as oxygen content increased. Accordingly, they stated that the changes in volume fraction of the nonmetallic inclusions associating with oxygen content are ISIJ International, Vol. 53 (2013), No. 2 responsible for shifting CCT diagrams. It also has been suggested that higher inclusion densities resulted with higher oxygen content tend to reduce austenite grain size and therefore favor higher temperature transformation products like grain boundary ferrite and Widmanstätten ferrite. 7) Later, Onsoien et al. 8) also observed a marked effect of oxygen on weld microstructures in GMA welds and explained this effect with CCT diagrams shifted toward longer delay times with the decreases in oxygen content of the weld metal, as first explained by Ito et al. 6) The shift of CCT curves with oxygen content was further confirmed experimentally in higher strength (780 MPa) welds, along with the continuous decrease in hardness with oxygen content up to 560 ppm. 9) However, Watanabe and Kojima, 10, 11) working on the oxygen effect in Si-Mn-Mo-(Ti, B or Ti-B) GMA welds, observed that oxygen content greatly affected the inclusion chemistry from aluminum-rich or silicon-rich to titanium and manganese-rich with increased oxygen content. Based on these results, they claimed that the low toughness of welds with low oxygen content was due to the formation of (Si,Mn)-rich oxides under the assumption that (Si,Mn)-rich oxides are not as effective nucleation sites for acicular ferrite as Ti-oxides. They further suggested, regarding possible cause of the oxygen effect on weld microstructure and toughness, the changes in inclusion chemistry varied with oxygen content instead of the shift of CCT diagram.
As described above, while the oxygen effect has been well demonstrated in the literature, the exact mechanism by which oxygen content affects weld metal transformations has not been clearly defined.
12) Therefore, we hypothesized that inclusion density alone might not be enough to explain the oxygen effect, and other variables such as inclusion chemistry or phases need to be considered as well.
In the present study, we investigated the effect of oxygen content not only on the geometrical, but also on the chemical nature of inclusions to discover which factor(s) are dominant in acicular ferrite formation. In order to do that, we employed fully bainitic weld metals prepared by a gas metal arc welding (GMAW) process. The reason we used a GMAW process is because the oxygen content of GMA welds can be changed easily by varying the shielding gas composition without causing a significant change in the alloying composition of the weld metals. 9) Through the proper selection of weld metal chemistry, fully bainitic welds were intended to be employed for the present study aiming to prevent grain boundary ferrite from being formed and thus not to be affected by grain boundary nucleation events.
Experimental Procedure

Specimen Preparation
A series of bead-in-groove welds were made by a mechanized gas metal arc welding (GMAW) process employing a commercial 1.2 mm diameter wire classified as AWS ER100S-G. As illustrated in Fig. 1(a) , a 22 mm thick mild steel plate was flame cut into welding coupons measuring 150 (W) × 300 (L) mm, and each coupon was machined to have a 10 mm deep V-groove machined in the center parallel to the L-direction. This groove was filled by buttering the weld beads to minimize the base metal dilution. The chemical composition of the base metal and welding wire are given in Table 1 .
After re-machining the V-groove to a depth of 5 mm and with a groove angle of 60°, the experimental GMA welds with different shielding gases were deposited by bead-ingroove welding on the buttered layers. In order to achieve variations in oxygen content, shielding gases were chosen with four different levels of carbon dioxide (CO2) and pure argon (Ar+0%CO2), Ar+2%CO2, Ar+5%CO2, and Ar+20%CO2. All the experimental welds were deposited at the same welding conditions of 300 A, 32.5 V and travel speeds of 23 cm/min, which resulted in heat input of 25 kJ/ cm. From the macro specimens, the depths of the experimental welds were measured to be about 10 mm.
Microstructural Analysis
Metallographic examinations were carried out by optical microscope (OM), and the amount of acicular ferrite formed was measured on micrographs taken from the specimens etched with 2% Nital solution. The variation in weld microstructure was further confirmed by Vickers hardness measurements made using a 98 N load. The samples prepared for inclusion size and density measurements were in an aspolished (unetched) condition. A total of 30 backscattered electron images were taken under a scanning electron microscope (SEM) at a magnification of ×10 000, after which their size and density were measured to quantify the geometric features of the inclusions. For the selected samples, the inclusions were extracted by an electrolysis technique, 13) and their chemistry was examined by an energy dispersive X-ray spectrometer (EDX) in the SEM. Inclusion phases were characterized by selected area diffraction (SAD) patterns taken from the TEM specimens. Elemental mapping of the inclusions was also carried out using a scanning transmission electron microscope (STEM) equipped with EDX. In addition, electron energy loss spectroscopy (EELS) was employed to identify light elements such as carbon, nitrogen and oxygen. 
Impact Toughness Test
Half size (10 × 5 mm) Charpy V-notch specimens were machined with a notch located at the center of the experimental weld metal. Impact tests were performed at various temperatures down to 77 K to construct full ductile-to-brittle transition curves. The brittle fracture surfaces of the selected specimens were examined using SEM.
Results
Chemical Compositions of the Welds
The weld metal chemical compositions are shown in Table 2 , which shows that these welds contained some aluminum (~0.1%) and a minimal amount of titanium (~0.003%). As anticipated, increasing the carbon dioxide content in the shielding gas leads to an increase in the weld metal oxygen content from 96 ppm for pure argon shielding to 347 ppm for the mixed gas with 20% carbon dioxide. These results are in good agreement with previous results, 9) indicating that the welding wire used in GMAW process little affects the weld oxygen content. As the oxygen content increases, the oxidizing elements such as silicon, manganese and aluminum decrease in their concentration. It is worth noting that the welds still contain titanium, even though the concentration may be as low as ~0.003%.
Microstructural Analysis
Optical micrographs taken from the center of the welds are shown in Fig. 2 . With pure argon (96 ppm oxygen), as shown in Fig. 2(a) , a fully bainitic microstructure was developed and no acicular ferrite could be found. However, as shown in Fig. 2(b) , Ar+2% CO2 shielding (141 ppm oxygen) produced a microstructure fully packed with acicular ferrite. As the oxygen content increased to greater than 250 ppm with higher carbon dioxide shielding, the weld microstructure became a mixture of acicular ferrite and bainite, as shown in Figs. 2(c) and 2(d). The proportion of acicular ferrite measured from these micrographs is illustrated in Fig.  3 . These results demonstrate that an 'oxygen effect' similar to that reported for ferritic welds also exists in the present bainitic welds, while the optimum oxygen content of ~140 ppm is somewhat less than that reported for ferritic welds. 6, 8) The microstructural changes described above led to changes in mechanical properties of the weld metal. Figure  4 shows the variation in microhardness with oxygen content, illustrating a gradual increase in hardness in the oxygen content over 150 ppm. This fact is certainly attributable to the reoccurrence of bainite in the higher oxygen welds. The variation of acicular ferrite content with oxygen content was more pronounced in the results of the impact toughness tests, as shown in Fig. 5 . The highest acicular ferrite content from Ar+2%CO2 shielding resulted in the lowest ductilebrittle transition temperature (DBTT) and the highest uppershelf energy. Interestingly, the Charpy specimen broken at brittle temperatures showed some intergranular fracture modes within the cleavage fracture surface, as shown in Fig.  6 . The reason why the intergranular fracture occurs in such an acicular ferrite microstructure is not clear, but it confirms the observations of the optical examination (Fig. 2(b) ) that no grain boundary ferrite is formed in this weld.
As no acicular ferrite was developed in the low oxygen weld metal made with pure argon shielding ( Fig. 2(a) ), we attempted to produce the same welds with preheating to see if any acicular ferrite could be formed in the slow cooling conditions, following the suggestions of previous researchers. 6, 8) Figure 7 shows the optical micrographs taken from the welds made with preheating temperatures of 300 and 400°C. While the cooling time (Δt8/5) with no preheating was measured to be 12 sec, those with preheating of 300 and Table 2 . Chemical compositions of the weld metals (in mass pct) except oxygen and nitrogen (ppm). 400°C increased to 43 and 92 sec, respectively. Even with such a slow cooling rate, no acicular ferrite microstructure could be found in the optical examination as shown in Fig.  7 , indicating that the cooling rate is not a controlling factor for acicular ferrite formation in this weld. Accordingly, it could be concluded that the formation of fully bainitic microstructure (and the absence of acicular ferrite formation) in the low oxygen welds is not due to the shift of the CCT diagram but is instead an intrinsic feature of this weld metal possibly relating to inclusion characteristics. Figure 8 shows the size and density of inclusions observed on SEM. As the present SEM analysis was performed at a magnification of ×10 000, inclusions with a diameter near 100 nm could be counted. From Fig. 8 , we see that both factors increase with oxygen content, but the inclusion size appears to reach its maximum at an oxygen content of 250 ppm, indicating that neither can be correlated with the acicular ferrite content shown in Fig. 3 . This led us to investigate the chemical and crystallographic natures of the constituent phases in the inclusions, with special attention paid to the phases formed on the inclusion surfaces.
Inclusion Analysis
14,15) Figure 9 shows the chemical features of inclusions extracted from the weld with pure argon shielding. This inclusion is nearly spherical in shape and consists of two different phases, aluminum oxide in the core and (Cu, Mn) sulfide in the outer layer. This implies that, in low oxygen welds where the [Al]/[O] ratio is greater than 1.0, aluminum oxide is likely to be the only oxide formed, 16) and, on cooling, the aluminum oxide particles act as nucleation sites for (Cu,Mn) sulfides. Eventually, (Cu,Mn) sulfides fully cover the oxide particles and produce spherical inclusions. In the literature, the nucleation potency of sulfides is controversial, [17] [18] [19] [20] but the present result demonstrates that sulfides are ineffective for the nucleation of acicular ferrite.
On the other hand, the inclusions in the Ar+2%CO2 weld were found to consist of various phases under the STEM-EDX examinations. As can be seen in Fig. 10 , the bulk of the inclusions are comprised of two distinct phases that are somewhat different in aluminum content, and their surfaces are covered with a thin layer of a titanium-rich phase. A manganese sulfide phase was often observed on the inclusion surface. The two bulk phases likely formed as primary reaction products and were also different in crystal structure, as shown in Fig. 11 . The aluminum-rich phase was identified as crystalline galaxite (MnO·Al2O3), and the aluminumlean phase was an amorphous manganese silicate. It is worth noting that all the observed galaxite phases were completely covered with a titanium enriched phase and thus were barely exposed to the inclusion surface, indicating that the titanium-rich layer is closely related to the high content of acicular ferrite microstructure formed in this weld. The amorphous phase was not fully covered resulting in the overall coverage rate of about 50%.
As the titanium-rich layer appeared to be important in acicular ferrite formation, 21) the exact nature of this layer was examined using EELS to identify light elements such as carbon, nitrogen and oxygen. The EELS results shown in Fig. 12 clearly demonstrate that oxygen is the only element present in the titanium-rich layer, indicating that this layer is titanium oxide and not nitride or carbide. As titanium oxide possesses a variety of crystallographic structures (e.g., TiO, TiO2, Ti2O3 and Ti3O5), significant TEM-SAD work was undertaken to discover the exact nature of the oxide formed. However, this test failed to produce SADs because this layer was too thin. Referring to TEM-SAD results reported for similar types of inclusions formed in SAW weld metals containing titanium of 0.015% 15, 22) and in other welds, 22) it can be suggested that the titanium oxide layer is TiO.
As the oxygen content increased over 250 ppm with shielding gases of Ar+5%CO2 and Ar+20%CO2, the primary phase of the inclusions became a single glassy phase of manganese-aluminum silicate. The inclusion surfaces were often covered with manganese sulfide and/or a titanium-rich layer. Figure 13 shows one of the typical inclusions with both phases on the surface. Out of the 10 inclusions examined, only 4 were coated with a Ti-rich layer, and the coated area was about 30% of the total inclusion surface. This fact appears to suggest the formation of less acicular ferrite in welds with shielding gases of Ar+5%CO2 and Ar+20%CO2.
Discussion
Numerous studies have shown that an increased proportion of acicular ferrite in the weld microstructure promotes the toughness of low alloy steel weld metals, 23, 24) and that the nucleation of acicular ferrite is always associated with non-metallic inclusions. [25] [26] [27] However, there is no general agreement on the factors that promote the formation of acicular ferrite. Some studies reported that acicular ferrite formation is independent of the chemistry of inclusions and claim that the role of inclusions is the provision of an inert substrate for ferrite nucleation. 7, 20) Under this theory, the number density and the size of non-metallic inclusions turn out to be the dominant factors in controlling the formation of acicular ferrite. [28] [29] [30] In fact, as mentioned in the introduction, the low number density of inclusions associated with low oxygen prevents the transformation of austenite to acicular ferrite and favors a transformation to bainite. Accordingly, the oxygen content affects the transformation kinetics in a way to shift the CCT curves toward the right, i.e., toward longer delay times, as shown in Fig. 14(a) . Sufficiently high oxygen content, on the other hand, shifts the CCT curves toward the left, resulting in the predominant formation of grain boundary ferrite and ferrite side plates at higher temperatures, resulting in a reduced proportion of acicular ferrite. Therefore, the oxygen effect that was observed in the ferritic welds and is schematically drawn in Fig. 14(b) stated as a consequence of the shift of the CCT curves.
It is worth noting that, in ferritic welds, the transformation to acicular ferrite is a process which competes both with grain boundary reactions at high temperatures and with bainite transformation at low temperatures. However, if the acicular ferrite trasformation occurs in bainitic welds, the acicular ferrite competes only with bainite during the γ→α transformation because no grain boundary ferrite forms in these types of welds. Assuming the inclusions have the same effect as in ferritic welds, CCT diagrams like those shown in Fig. 15(a)   Fig. 12 . EELS spectrum of the titanium-rich layer formed on the inclusions of the Ar+2%CO2 weld metal. could be drawn to illustrate the oxygen effect on bainitic weld microstructures. Such diagrams indicates that austenite transforms to bainite in the low oxygen welds but starts to transform to acicular ferrite with increaing oxygen content. Due to the absence of competition with high temperature products like grain boundary ferrite, the propotion of acicular ferrite will increase steadly with increasing oxygen content, as illustrated in Fig. 15(b) . However, this expectation is far different from the experimental results shown in Fig.  3 , which implies that that the 'CCT-curve shift model' is not a sufficient explanation for the oxygen effect in the present bainitic welds. Although the CCT curve shift model has been widely accepted to explain the oxygen effect on weld micorostructures, this model appears to be not appropriate for the present weld metals mainly because the inclusion density is the only factor that is taken into account for acicluar ferrite formation. This study clearly shows that various types of inclusions can be formed depending on the oxygen content, and that the phase formed on the inclusion surface plays an important role in the nucleation of acicular ferrite. Therefore, a new model that is based on the incusion characteristics related to nucleation potential needs to be established to explain the oxygen effect precisely. Figure 16 shows proposed CCT curves that consider the nucleation potential of the inclusions that are formed at three different oxygen levels. In welds with sufficiently low oxygen content, the inclusions formed with sulfide shells are not effective for acicular ferrite nucleation, so these welds cannot have an acicular ferrite region in their CCT diagrams. The absence of an acicular ferrite region has been also confirmed by the preheating experiment shown in Fig. 7 . In contrast, inclusions with intermediate oxygen content are covered with a titanium oxide layer, and thus all such inclusions are effective for acicular ferrite nucleation. The presence of such inclusions allows for a wide acicular ferrite region in the CCT diagram. In the case of high oxygen welds, less than 40% of inclusions are covered with a titanum oxide layer along with a lower coverage rate. Accordingly, the acicular ferrite region shrinks associating with the substantial decrease in the number density and surface area available for the ferrite nucleation.
As described above, the oxygen content of welds greatly affects the inclusion phases. This is true not only for the bulk phases formed as a primary reaction product, but also for the surface phases possibly formed as a secondary reaction product. Therefore, in addition to geometric factors, possible changes in inclusion phases need to be considered when discussing the evolution of weld microstructure.
Conclusion
The effect of oxygen content has been studied in the fully bainitic weld metals containing a very small amount of titanium to discover the inclusion characteristics that are controlled by oxygen content.
(1) At low levels of oxygen (less than 100 ppm), the inclusions were predominantly aluminum oxide covered with a thick shell of (Cu,Mn) sulfide, and the weld microstructure was fully bainitic. At medium levels of oxygen (about 150 ppm), the inclusion surfaces were always coated with a thin film of titanium oxide, and the microstructure was nearly pure acicular ferrite. At high oxygen levels (over 250 ppm), less than a half of the inclusions were coated with titanium oxide, and the microstructure was a mixture of bainite and acicular ferrite.
(2) The so-called 'oxygen effect' was confirmed to be present in bainitic weld metals, while maximum acicular ferrite and maximum toughness were obtained at about 150 ppm oxygen, somewhat less that reported for ferritic weld metals. However, this effect could not be explained by the popular 'CCT-curve shift model'.
(3) The 'oxygen effect' shown in the present weld was concluded to be due to phase changes of the inclusions, especially at the inclusion surface, with oxygen content. We further conclude that possible changes in inclusion phases need to be considered when discussing the evolution of weld microstructure not only in bainitic but also in ferritic welds. 
